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We analyze coherent spin rotations in a DC biased double quantum dot driven by crossed DC 
and AC magnetic fields. In this configuration, spatial derealization due to inter-dot tunneling 
competes with intra-dot spin rotations induced by the time dependent magnetic field, giving rise to 
a complicated time dependent behavior of the tunneling current. When the Zeeman splitting has 
the same value in both dots and spin fiip is negligible, the electrons remain in the triplet subspace 
performing coherent spin rotations and current does not flow. This electronic trapping is removed 
either by finite spin relaxation or when the Zeeman splitting is different in each quantum dot. 
In the last case, we will show that applying a resonant bi-chromatic magnetic field, the electrons 
become trapped in a coherent superposition of states and electronic transport is blocked. Then, 
manipulating AC magnetic fields allows to drive electrons to perform coherent spin rotations which 
can be unambiguously detected by direct measurement of the tunneling current. 

PACS numbers: 73.23.Hk, 73.63. Kv, 73.40.Gk, 85.75.-d, 



I. INTRODUCTION 

The accurate tunability of time dependent fields has al- 
lowed the access and manipulation of quantum systems 
by the resonant illumination of atoms, finding interest- 
ing effects such as the possibility of trapping the atom 
in a non-absorbing coherent superposition {dark state) 
which is known as Coherent Population Trappingii^i^. 
This effect has been applied to non-conducting states in 
quantum dots (QD) - also known as artificial atoms- for 
spinless electrons^i^, having revealed several advantages 
for practical issues such as electronic current switching^ 
or de-coherence probing-. 

Great interest is recently focussed in the coherent con- 
trol of electron spin states in the search of candidates for 
qubits. Within this scope, optical trapping of locahzed 
spins has been treated in self-assembled quantum dots^ 
and achieved in diamond deffects*. Electron spin states 
in QD's have been proposed as qubits because of their 
long spin de-coherence and relaxation times^iiS. The 
controlled rotation of a single electron spin is one of the 
challenges for quantum computation purposes. In com- 
bination with the recently measured controlled exchange 
gate between two neighboring spins, driven coherent spin 
rotations would permit universal quantum operations. 
Recently, experimental and theoretical efforts have been 
devoted to describe Electron Spin Resonance (ESR) in 
singleii and double quantum dots (DQD's)^ii^. There, 
an AC magnetic field, i?AC: with a frequency resonant 
with the Zeeman splitting A induced by a DC magnetic 
field, BdCj drives electrons to perform spin coherent ro- 
tations which can be perturbed by electron spin flip in- 
duced by scattering processes such as spin orbit or hy- 
perfine interactions. These are manifested as a damping 
of the oscillations. In particular, hyperfine interaction 
between electron and nuclei spins induces flip-flop tran- 
sitions and an effective Zeeman splitting which adds to 
the one induced by Booi^iiiii^. ESR mechanism also al- 
lows to access spin-orbit physics in the presence of AC 



electric fieldsi^iii or vibrational degrees of freedom in 
nano-mechanical resonatorsi^. 

In the experiments of Ref J^, fast electric field switch- 
ing was required in order to reach the Coulomb block- 
ade regime and to manipulate the spin electron system. 
In the present work we analyze theoretically a simpler 
configuration, easier to perform experimentally than the 
one proposed ini^, which does not require to bring the 
double occupied electronic state in the right dot to the 
Coulomb blockade configuration and which consists on 
conventional tunnel spectroscopy in a DQD under crossed 
DC and AC magnetic fields, without additional electric 
pulses. 

The main purpose of this paper is to analyze the spin 
dynamics and the tunneling current and to propose for 
the first time how to trap electrons in a DQD performing 
coherent spin rotations by a resonant AC magnetic field 
which can be unambiguously detected by conventional 
tunneling spectroscopy measurements. We also show how 
to trap electrons by means of resonant bi-chromatic mag- 
netic fields in the case where the Zeeman splitting is dif- 
ferent in both QD's (as it usually happens in the presence 
of hyperfine interaction) . 

We consider a DQD in the spin blockade regimei^, i.e., 
inter-dot tunneling is suppressed due to Pauli exclusion 
principle^*' as the electrons in the DQD have parallel 
spins. This effect may be lifted by the rotation of the 
electrons spin, under certain conditions, by the introduc- 
tion of crossed Sdc and -Bag- Then, when B^c is res- 
onant with the Zeeman splitted level, the electrons both 
rotate their spins within each QD and tunnel, perform- 
ing spatial oscillations between the left and right QD. 
The electronic current through such a system performs 
coherent oscillations which depend non trivially on both 
the AC intensity and the inter-dot coupling. We will see 
that, when the effective i?DC is homogeneous through 
the sample, current is quenched since the system is co- 
herently trapped in the triplet subspace [dark subspace) 
in spite of the driving field. However, a finite current 
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FIG. 1: Schematic diagram of the DQD in the presence of 
crossed DC and AC magnetic fields. 

may flow as a consequence of spin relaxation processes. 
If A is different within eachQD (it can be due to an 
inhomogencous -Bdc, different g factors or the presence 
of hyperfine interaction"'^'* with different intensity within 
each QD), -Bag is resonant only in one of them and the 
trapping is lifted. Then, off-resonance dynamics of the 
other electron should in principle affect the total dynam- 
ics of the system and it should be included in a theo- 
retical description not restricted to the Rotating Wave 
Approximation— which is valid just at resonance. Fi- 
nally we will show that it is possible to trap the electrons 
also in this configuration, where A is different within 
each QD, by applying a bichromatic -Bag, such that each 
frequency matches the Zeeman splitting in each QD. 

II. MODEL 

Our system consists on two weakly coupled QD's con- 
nected to two fermionic leads, described by the model 
Hamiltonian: 

Hit)=Ho+HLR + HTit)+Hle.ds, (1) 

where Hq = Y.ia '^Aa^i'y + Y^iUifii^fiii + 
Vhi.h's^ describes the uncoupled DQD, /fLR = 
— X](T (^lrClct^Rc' + h.c^ is the inter-dot coupling 

and Ht = '}lu{h,R}ka{lid\ka^i<y + h.c.) gives the tun- 
neling between the DQD and the leads, described by: 
iJioads = Y^ika^ikdlkcrdikcr, whcrc Ei IS the energy of an 
electron located in dot i and Ui {V) is the intra-dot 
(inter-dot) Coulomb repulsion. For simplicity, we dis- 
regard the Heisenberg exchange interaction^^'-- . Finite 
exchange, would slightly split the inter-dot singlet-triplet 
energy separation without modifying qualitatively the 
results presented here. The chemical potentials of the 
leads, fii, are such that only two electrons (one in each 
dot) are allowed in the system: Si < fii — V < Si + Ui and 
fii < Si + 2V. In this configuration, the spin blockade 
is manifested when a bias voltage is applied such that 
the state with two electrons in the right dot (the one 
which contributes to the current) is in resonance with 



those with one electron in each dot. The current is 
then quenched when the electrons in each QD have the 
same spin polarization and Pauli exclusion principle 
avoids the inter-dot tunneling^*^ . We now introduce 
a magnetic field with a DC component along the Z 
axis (which breaks the spin degeneration by a Zeeman 
splitting Ai — giBz^i) and a circularly polarized AC 
component in the perpendicular plane XY that rotates 
the Z component of the electron spin when its frequency 
satisfies the resonance condition, cj = A,;: 

H^{t) = [^^Sl + Bag {Sl cos ivt + S; sin cut)] , (2) 

i 

where Si — (1/2) J2aa' '4„'^cr(y''^icr' ^-re the spin operators 
of each dot (see Fig. [T]) . 

The dynamics of the system is given by the time 
evolution of the reduced density matrix elements, 
whose equation of motion, within the Born-Markov 
approximation^^, reads: 

Pin{t) = ~i{l\[Ho + Hi^n + HB{t),p]\n) (3) 

+ ^ (TnkPkk — ^knPnn) 5ln — A;„pi„(l — (5;„). 

k^n 

where the first term in the right hand side accounts for 
the coherent dynamics within the double quantum dot. 
r;„ are the transition rates from state \n) to \l) includ- 
ing those induced by the coupling to the leads-being 
Ti = 27r|7ip when they occur through lead ie{L,R}- 
and the eventual spin scattering processes (introduced 
phenomenologically by the spin relaxation rate, Tj~* — ). 
Decoherence appears due to the term A/„ = ^ ^ki^ki + 
Ffen) +^2"^, being T2 = O.lTi the intrinsic spin decoher- 
ence time. The evolution of the occupation probabilities 
is given by the diagonal elements of the density matrix. 
In our configuration, the states relevant to the dynamics 
are: |0,T), |0,i), |T+) = | t,T), 1^-) = | id), I T,i), 
I i,t), \Sr) — |0, ti). This latest state is the only one 
that contributes to tunneling to the right lead, so the 
current is given by: 

I{t) = 2eTnPs^^Sn{t)- (4) 

Each coherent process is described by a Rabi-like fre- 
quency. For instance, in the case of two isolated spins, 
one in each QD, which are in resonance with -Bag (Al — 
Afl), the oscillation frequency is: Hag = 2i?AC: see Ap- 
pendix lA II On the other hand, the inter-dot tunneling 
events can be described by the resonance transitions be- 
tween the states | t;i): I lA) and I^r), whose popula- 
tions oscillate with a frequency Ot = 2-\/2iLR, as shown 
in Appendix I A 21 

A. Al = Ar 

We consider initially the case where -Bdc is homoge- 
neous, so that Ar = Al and both spins rotate simulta- 
neously. Then, the dynamics of the system is properly 
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FIG. 2: (a) I(t) for initial state | j, |) in the absence of spin 
relaxation for Al = Ar = A and SIac ~ fix/S. (b) The 
corresponding occupation probabihties: | 1,1) (sohd), | j, t) 
(dash-dotted), |0, Ti) (dotted) and | j, j) and | 1,1) (dashed). 
Parameters {e = h = 1): ri=rH = r = IQ-^meV, T'^^ = 
0, Qt = 11.2GHz and holding for the rest of the plots (in 
meV): el = 1.5, £r = 0.45, A = 0.026 (Bdc ~ IT), Ul = 1, 
Ur = 1.45, V = 0.4, fiL^2 and = 1.1. 



described in terms of the dynamics of the total spin of the 
DQD. Bac acts only on the states with a finite total mag- 
netic moment: |T±) and \Tq) = ^(| T, i) + I i, T», while 
the inter-dot tunneling, that does not change the spin, is 
only possible between IS'r) and \So) = ^(| T^i)-! -l,?))- 
Therefore, in the absence of spin relaxation, spin rotation 
and inter-dot hopping are independent processes so any 
eventual singlet component will decay by tunneling to 
the contacts. This produces a finite current in the tran- 
sitory regime which drops to zero for longer times. This 
process is independent of i?AC: which is manifested in 
the frequency of the current oscillations, ilx, cf. Fig. 
[5^. Thus, for large enough times {t ^ T"^), transport is 
cancelled and one electron will be confined in each QD. 
The electrons will be coherently trapped in the inter-dot 
triplet subspace, T±, Tq (dark subspace) and behave as 
an isolated single particle of angular momentum S = 1 
performing coherent spin rotations with a frequency ^Iac 
(Fig. Hd). 

A finite spin relaxation time mixes the dynamics of 
the singlet and the triplet subspaces, so that inter-dot 
tunneling is allowed and finite current appears, cf. Fig. 
[3^. The shorter the spin relaxation time, the larger is 
the singlet-triplet mixing and therefore, the higher is the 
current, cf. Fig. 3^, up to relaxation times fast enough 
to dominate the electron dynamics (Tj~^ 3> f^Ac)- In 
this case, ESR is not effective in order to rotate the spins 
and spin blockade is recovered, cf. Fig. Since both, 
spin rotations and spatial delocalization are resonant pro- 
cesses, this singlet-triplet mixing produces complicated 
dynamics in the current that shows oscillations with a 
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FIG. 3: Effect of (a) finite spin relaxation rates, T^^ and (b) 
the Zeeman inhomogenity, Al/Ar, on the stationary current 
when tuning the frequency of the magnetic field. In (a), Al = 
Ar; in (b), Ti — 0. (Same parameters as in Fig. [2] but 
r = lO-^meV). 



frequency that depends both on the inter-dot coupling 
and the AC field intensity, cf. Fig. [4);. When Bac in- 
creases, the frequency of the current oscillations increases 
but not linearly due to the interplay with the hopping. 
This effect is small for long spin relaxation times. 



B. 



Al / Ar 



However, if one introduces an inhomogeneous J5dc, so 
that only one of the electrons is in resonance with Bac 
(for instance, lu — Ar ^ Al), the total spin symme- 
try is broken and then the electron in each QD behaves 
differently. In fact, the states | |,t) and | t,i) have 
different occupation probabilities and inter-dot hopping 
induces the delocalization of the individual spins. This 
populates the state IS'r,) and a finite current appears 
showing a double peak whose position shifts following 
the inhomogenity, cf. Fig. ^p. This double peak may 
be the origin of the under-resolved structure measured 
in Reffi^. By tuning the Zeeman splittings difference, 
the current presents an anti-resonance of depth ~ O.lnA 
near Al = Ar, cf. Fig. [5^, pretty similar to the coher- 
ently trapped atom spectrum in quantum optics^.. As ex- 
pected, taking one electron slightly out of resonance, the 
frequency of the current oscillation is modified in compar- 
ison with the double resonance situation. If one electron 
is far enough from resonance, the frequency of the cur- 
rent oscillation becomes roughly half of the value as it 
would be the case for the rotation of one electron spin, 
cf. Fig. [5b. Otherwise, the off-resonant electron modifies 
the Rabi frequency for spin rotations in a more compli- 
cated way depending on SaCj ^lr and how much both 
dynamics are mixed (which is related to Al — Ar), cf. 
Fig. [S];. The limiting case when Al and Ar are very 
different and only the electron in the right QD is affected 
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FIG. 4: (a) I(t) for difTerent spin-flip times (in /is), witii 
Oac = r^T = 11.2GHz and Al = Ar = A. Tiie initial state 
here is | t,t), then, for T^^ — 0, there is no mixing of the 
triplet and singlet subspaces and therefore, no current flows 
through the system. Spin relaxation processes contribute to 
populate the singlet, producing a flnite current, (b) Station- 
ary current as a function of spin relaxation time. For long 
Ti, electrons remain in the dark space. As Ti decreases, I 
begins to flow, being again suppressed for short enough Ti, 
as discussed in the text, (c) I(t) for different ratios between 
the AC field intensity and the inter-dot hopping, i.e., between 
f2AC and SIt, with Ti 0.1/is. (Same parameters as in Fig. 

El). 



effectively by Bac is analyzed in Appendix lA 3 



III. BICHROMATIC FIELD 

There is a way for trapping the system in a dark 
state even for different Zeeman splittings by introduc- 
ing a bichromatic Bac -with a different frequency that 
also brings into resonance the electron in the left QD: 



E 

i = L,R 
J = l,2 



[a,SI + Bag ( 



SI cos Wjt 



Sy sin LUjt 



(5) 

with LUi = Al and UJ2 — Ar. Then, each electron is res- 
onant with one of the field frequencies. In this case, as 
Ai is different in both QD's, \Tq) mixes with j^o) and 
a finite current fiows until the electrons fall in the su- 
perposition: \S2) = ^(1 T,T) - I which is not 
affected by the magnetic field but for off-resonant oscil- 
lations that can be averaged out. In effect, if the non- 
resonant terms are disregarded, Eq. ^ is reduced to 



A, SI 



Bac [si cos A^t + SI sin Ait 



and H'il\S2) = 0. 



Then the population of the states 



FIG. 5: (a) Dependence of the stationary current on the DC 
field inhomogeneity Al — Ar for different relaxation times 
(in lis). The quenching of the current for Al = Ar is lifted 
by spin relaxation, (b) I(t) for different values of Al/Ar 
when the electron in the right QD is kept in resonance, in the 
absence of relaxation. A crossover to the one electron spin 
resonance is observed by increasing the difference between 
Al and Ar = A. (c) Dependence of the current oscillations 
on Bac for Al = 0.99Ar and T^^ ~ 0.1/is. Same parameters 
as in Fig. [4] 



I Ti i)j I ii T) and I^r) and, therefore, the current drop to 
zero, see Fig. [S^. This transport quenching also allows 
to operate the system as a current switch by tuning the 
frequencies of the AC fields (FigO)) and the preparation 
of the system in a concrete superposition to be manipu- 
lated. 

The application of a bichromatic magnetic field provide 
a direct measurement of the Zeeman splittings of the dots 
by tuning the frequencies untill the current is brought to 
a minimum as in Fig. [SJd. Then, by switching one of 
the frequencies off and tuning the Zeeman splitting by 
an additional i?DC in one of the dots, the antiresonance 
configuration of Fig. [5^ could be achieved. In this case, 
electrons in both QD's perform coherent spin rotations, 
as shown in Fig. ^Bp. 



IV. CONCLUSIONS 

In summary, we present for the first time the complete 
electron spin dynamics in a DQD, in the spin blockade 
regime, with up to two extra electrons, where crossed DC 
and AC magnetic fields and a DC voltage are applied. In 
the experimental set up that we propose, different Rabi 
oscillations (due to the ac magnetic field and the inter- 
dot tunneling) compete: The time dependent magnetic 
field produces coherent spin rotations between spin up 
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evolves to a stationary superposition of states, thus serv- 
ing for spin rectification and state preparation. 

Then, our results show that tunneling spectroscopy ex- 
periments in DQD's under tunable mono- and bichro- 
matic magnetic fields allow to drive electrons to perform 
coherent spin rotations which can be unambiguously de- 
tected by measuring the tunneling current. We also show 
how to induce spin blockade in DQDs with different Zee- 
man splittings by means of a bichromatic magnetic field. 

We acknowledge J. Inarrea and C. Emary for fruit- 
ful discussions. This work has been supported by the 
MEC (Spain) under grant MAT2005-06444 and by the 
EU Marie Curie Network: Project number 504574. 



APPENDIX A: CLOSED SYSTEM 

In this appendix, we present some simple cases that de- 
scribe the purely coherent dynamics (i.e. for Fl — = 
and T^^ — 0) involved in the description presented 
above. 



FIG. 6: (a) Transient current in the presence of a bichro- 
matic B, when lui(2) ~ ^l(r) for: Al = Ar/2 (solid) and 
Al = 0.9Ar (dotted) and Tf ^=0. Left inset: detail of the 
current oscillation. In the case where Al ~ Ar/2, I oscil- 
lates with Qt and it presents faster oscillations over-imposed 
(more important for Al = 0.9Ar) coming from the effect of 
each frequency on its off-resonance electron. Right Inset: oc- 
cupation probabilities for Al = Ar/2: | t, T) (solid), | 1,1) 
(dotted), I T,J,) ~ I i,T> (dashed) and |0, Tj) (dash-dotted, 
remaining very close to zero). The occupation of |0, t|) drops 
to zero, and therefore, I drops as well. At long times the 
electrons fall in a coherent superposition of | |, |) and | i, i). 
(b) Stationary current as a function of uji when UJ2 = Ar, for 
different relaxation rates, T^^ . I drops at ivi =Al. (Ar = A, 
r = lQ"^meV, Qt = 1.12GHz). 



and down states while resonant inter-dot hopping allows 
the spatial delocalization of the electrons. We show how 
the interplay between coherent oscillations coming from 
inter-dot tunnel and those due to Bag gives rise to a non 
trivial electron dynamics which strongly depends on the 
ratio between the different Rabi frequencies involved. We 
show as well that if A has the same value for the left and 
the right QD, electrons remain performing coherent spin 
rotations in the S = 1 subspace and current is quenched. 
This electron trapping is removed by spin relaxation or 
inhomogeneous -Bdc Sind finite current flows. Measuring 
the current will allow to control coherent spin rotations 
and also to extract information on the spin relaxation 
time. We propose as well how to block the current by a 
bichromatic magnetic field in a DQD where the effective 
Zeeman splitting is different within each dot (and where 
current would otherwise flow due to singlet-triplet mix- 
ing). We demonstrate that the bichromatic held induces 
spin blockade in this conflguration and that the system 



1. Two isolated electrons spin resonance 

We consider first the case where each electron is iso- 
lated in one quantum dot. This system is described 
by the Hamiltonian H{t) = Hq + H-eit) (as written in 
Section HH and the basis |1) = | t,T), |2) = | i,T), 
|3) = I f4) and |4) = | We obtain the equa- 

tions of motion for the reduced density matrix elements 
from the Liouville equation p{t) = —i[H{t),p{t)]. After 
a variable transformation: p'12 24 34 = e~"^*pi2,24,34 and 
p'l^ = e^*^'^*pi4, they can be written as: 

pi = Sac3(p2i +P31) 

h = SAc3(pi2 +P42) j-^^-j 

P3 = BacQ'(P43 + P'l3) 
Pi = BacQ'(P34 + P24)> 

for the diagonal terms, and: 



P'l2 = 


I 

~^Bac[P2 - 


Pi + 


P32 - 


P'14) + 


^(Al- 


^)P'12 


P'l3 = 


--^BAciPs - 


Pi + 


P23 - 


P'14) + 


«(Ar - 


^)p'l3 


P'lA = 


i , 

--Bac(P24 - 


^P34 


~ P12 


- P'13) 




2w)p'i4 
(A2) 


P23 = 


-2^Ac(P43 - 


- P'21 


+ P'l3 


- P24) 


- iVP23 




P24 = 


1 

-^Bac{pa - 


P2 - 


P23 + 


P'14) + 


*(Ar - 


^)P24 


P34 = 


i 


P3 - 


P32 + 


P'14) + 


i(AL- 


^)P34> 



for the coherences, where ( = Al-I-Ar and 77 — Al — Ar. 

The set of equations (jAip and (|A2p can be solved by 
doing the Laplace transform, Cp = zp— p{Q) and consid- 
ering the initial condition pi(0) = 1. If the effect of the 
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magnetic field is the same for both electrons, that is, they 
suffer the same Zeeman splitting, A^, = = A, the 
probability of finding only one of the electrons flipped, 
Pf = P2 + P3 is: 



Pf 



94 



^ sin2 &t - 



6^ sin^ -et 



(A3) 



Thus, the Rabi frequency is modified respect to the single 
electron case (fiie = 2iLR^'^): 



2V2t 



LR- 



(A8) 



where — + 5"^ and (5 = A ~ w. In the resonant 
case, (5 = 0: 

Pf = ^ sin^ Sac*. (A4) 
Therefore, the Rabi frequency for this configuration is: 



(A5) 



twice the one found for the single electron cas^. 

On the other hand, if Al ^ Ar, the resonance condi- 
tion holds only for one of them. Then, there is a super- 
position of different oscillations which results in a com- 
plicated dynamics when |?7| ^ C,^. 



2. Electron delocalization 

Let us now consider the closed system in the absence 
of magnetic field, which can be described by the Hamil- 
tonian H = Hq + Hi^^. The interdot coupling term, i?LR, 
induces electron tunneling between both dots, involving 
the states |1) ^ \ t,i>, |2> - | i,T> and |3) - |0,ti). 
Then, the Liouville equation is given by: 



Pi 
h 
h 

Pl2 
PVi 
P23 



-2iLR3p31 
2tLR3p32 
2tLR3(p31 - P32) 
i^LR(p32 + P13) 
«^lr(/03 - Pi+ P12) -i{£L- £R + V - Uji) pi3 
-ithRips - P2+ P21) -i (el - £r + V - C/r) P23 



(A6) 



By solving the set of equations (jA6p under the con- 
dition El — £r = C^R — y , where interdot tunneling is 
resonant, we obtain the occupation of the state |0, ti), 
which is given by: 



1 



P3 



V2iLRi. 



Mixing of spatial delocalization and spin 
rotation 



As discussed in the text for the open system, if Al 7^ 
Ar, the current shows a coherent oscillation that depends 
in both the intensity of the AC magnetic field and the 
interdot hopping. 

Here we consider a simple case that presents 
both coherent processes -spin rotation and interdot 
delocalization- by considering very different Zeeman 
splittings in each QD. Then, only one of the electrons 
is in resonance with the AC field: Al = w and only 
three states contribute to the dynamics: |1) ~ \ T,t)i 
|2) = I i,T) and |3) = |0, ti), resulting in the set of 
equations: 



Pi 

P2 

Pz 

P\2 
P\1> 
P23 



= Sac 3^/521 

= Bac3'/512 + 2<lr9P32 
= ^2tLR3p32 



(A9) 



--Bac{P2 - Pi) + ithRPlS + «(Al - Ll))P12 
i 

- 2 ^CP23 + ltLRPl2 - «W+pi3 

i 

-7:BacP13 - ithRXPS - P2) - l^^-P23, 



where uj± = £h — £r 



Ar±Al 



V - Ur. If the gate 



voltages are tuned in a way that uj^ = 0, so the left elec- 
tron can tunnel to the doubly occupied singlet state in 
the right dot (having both electrons opposite spin polar- 
ization), one finds that the frequency of the oscillations 
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